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THE PHYSIOLOGY OF SPORE GERMINATION 
IN FUNGI 


DAVID GOTTLIEB 
Department of Horticulture, University of Illinois, Urbana, III. 


INTRODUCTION 


The physiology of spore germination has interested mycologists 
since about the middle of the last century, and reports by the 
pioneer investigators usually included some observations on this 
subject (5, 7, 28, 41, 65, 67, 69, 70, 153, 154, 155, 158, 171). In 
1860 Hoffman (70) published a paper devoted entirely to this 
field, and de Bary’s great book on the morphology and develop- 
ment of fungi (28) contains much information that is still useful 
to physiologists. In fact, most of the phenomena that concern 
students today were investigated before the close of the 19th 
century. Certain new aspects have, of course, since then been in- 
vestigated, such as enzyme systems and respiratory mechanisms ; 
in addition more critical techniques have been applied in recent 
researches. Only two important reviews of the subject have been 
published, one by Duggar in 1901 (37) and the other by Doran in 
1922 (32). Since most of the data on spore germination are in- 
cluded in papers devoted primarily to either plant pathology or 
mildew prevention, the information has been difficult to collate; 
and since comparatively few fungi have been studied, very few 
generalizations on spore germination are possible. 

Germination is the initial stage in the development of a fungus 
mycelium from its spore. It differs from the growth of hyphae 
primarily in the ability of the spore to utilize its stored reserves 
for metabolism and consequently in the capacity of many spores to 
germinate either in water or very simple media. Another differ- 
ence is that germination need not be accompanied by synthesis of 
protein. Physiologically it is characterized by transformation of a 
spore from a stage of low to one of high metabolic activity (46, 52, 
53, 54, 91, 92, 95), and morphologically by a swelling of the spore 
and production of a germ tube (28, 41, 51). The term “germi- 
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nation” commonly also includes the release of zoospores from 
sporangia, and even in this case the spore obviously has changed 
from a resting to an active metabolic state. As far as has been 
observed, the process of germination is similar in all types of 
spores, whether sexual or asexual, and is in general influenced by 
the same physiological agents which define the activities of other 
plants or animals. 

Various criteria are used to determine the effect of different 
physiological agents on germination, of which the most frequently 
used is the percentage of spores that produce germ tubes. Other 
standards of measurement are the time required for germination, 
length of the tube and its rate of elongation (96, 144, 145, 161). 
Tompkins (145) believes that these criteria measure different 
processes and that all should be evaluated in such studies. Never- 
theless even such criteria often can not adequately describe spore 
responses; certain Urediniae, for example, can elongate very 
rapidly in water but never form sporidia, while in moist air only 
short germ tubes are formed but bear sporidia (6). None of the 
above mentioned criteria would indicate the optimum moisture 
relations for normal germination which should lead to sporidia 
formation, and therefore the latter would be the important measure 
of optimum conditions. When studying any one physiological 
agent, all other conditions should be as near their optimum as 
possible, else one of them might be the limiting factor (34). Better 
still, though more difficult, is the procedure of varying a few factors 
simultaneously. 

WATER RELATIONS 


Water is the prime factor in any germinating medium and for 
many spores is the only substance necessary to start germination 
(10, 28, 44). Its imbibition causes the first visible symptom of 
germination, the swelling of the spore, often to more than twice its 
original size (9, 63, 67, 91, 92, 103, 168), and on further germi- 
nation the volume of protoplasm can sometimes increase more than 
ten times (144). Thus absorption of water by spores resembles 
the imbibition activity of lyophilic colloids (57). This phenom- 
enon, however, is dependent upon some vital mechanism of the 
spore, for dead spores do not swell and absorption varies with the 
viability of the spore. The swelling of spores of Penicillium ex- 
pansum changes inversely with the concentration of copper-8- 
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quinolinol, and high concentrations inhibit swelling entirely. When 
water has entered the cell, respiratory reactions increase very 
rapidly (46, 91, 92, 95), even before any germ tube is visible. 
Similarly copper is not absorbed by Sclerotinia fructicola until 
germination begins (56). Germination often occurs in water 
without any evident increase in protoplasm, as in Puccinia 
graminis tritici which produces germ tubes 50 times the length of 
the spore and contains only the protoplasm which has migrated 
from the spore to the tip of the germ tube (28, 58). Myrothectum 
verrucaria, on the other hand, in the presence of nutrients increases 
its dry weight during germination, indicating that a synthetic 
activity can also accompany germination. The properties of water 
are so unique that not even heavy water can be substituted. In- 
cipient germination of Erysiphe graminis occurs in deuterium 
oxide, but further elongation is inhibited and the final length of the 
germ tube varies inversely with the concentration. Death does not 
occur, even after an immersion of 24 hours, and germination con- 
tinues when the spores are placed in ordinary water (112). 
Fung: vary greatly in their water requirements. Some, e.g., 
Colletotrichum trifolii, Sclerotinia fructicola and Puccinia coronata, 
require liquid water (22, 35, 39, 44, 85, 100, 101, 159, 168, 169). 
For others water vapor is sufficient, as was early recognized by 
many early French and German mycologists (7, 28, 70, 79, 137, 
147, 148), though usually this group of organisms will also 
germinate in liquid water. Tompkins has postulated that only the 
vapor phase of water is active, since some spores germinated 
equally well or better in a saturated atmosphere than when floating 
in water and hardly germinated if submerged (28, 65, 79, 144, 
145, 148). Rippel (116) believes that the decisive factor is the 
gradient between the humidity of the air and the spore membrane. 
Usually the greater the humidity the greater the number of spores 
which germinate. Some fungi, ¢.g., Peronospora nicotianae, re- 
quire 100 per cent relative humidity (55, 165). Puccinia triticina 
and Venturia inaequalis will not germinate below 99 per cent 
humidity, while Alternaria brassicae and Penicillium chrysogenum 
need at least 91 and 81 per cent, respectively (9, 20, 22, 49, 50, 59, 
62, 79, 85, 116, 137). Powdery mildews are unique in their low 
moisture requirements. Some, e.g., Erysiphe polygoni and E. 
graminis tritici, can germinate at 0 to 100 per cent humidity, while 
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others need humidities of about 90 per cent (11, 28, 85, 168). 
The imbibition capacity of the spores must be very high; Brodie 
and Neufeld (11) reported osmotic pressures of 60 to 90 atmos- 
pheres in the oidia. At very low humidities, however, germi- 
nation is not normal and the spores soon die ; usually at least 75 per 
cent relative humidity is necessary for good germination and some 
species even require liquid water (169). Numerous investigations 
have shown that as a group the powdery mildews germinate poorly 
in water (25, 35, 85, 166). 

Data on the germination of spores near the saturation point are 
difficult to evaluate unless the temperature has been very closely 
controlled, for at high humidities a slight drop in temperature will 
cause precipitation of water. Critical experiments by Clayton 
(22) and Longree (85) indicate that even at high humidities 
some fungi can not germinate but require free water, while others 
are perfectly adapted to utilize water vapor. The optimum need 
not be 100 per cent relative humidity, and in some fungi it is de- 
pendent upon the temperature (9, 62). For Aspergillus niger the 
optimum relative humidity at 30° C. is 100 per cent, while at 40° 
C. it is 93 per cent. Humidity also effects the temperature range 
at which germination takes place; the higher the humidity the 
wider the range (144). The enhancing effect of increased rela- 
tive humidity on germination is indicated not only by the greater 
number of germinating spores but also by the time of germination, 
rapidity of elongation and final germ tube length. 


NUTRITION 


That water alone is insufficient for the germination of many 
fungi was recognized very early in the development of mycology 
(28), since improved germination could usually be obtained by 
addition of natural products to the medium (12, 14, 28, 153). 
Urocystis tritici, for example, does not germinate in water or 
ordinary nutrient solutions, but will if presoaked in the presence 
of wheat seeds (106). Similar stimulatory effects have been re- 
ported for peptone on Phycomyces rutens (142) and for yeast on 
M yrothecium verrucaria (91). Brown (13) has shown that spores 
of plant pathogenic fungi are stimulated by the exosmosis of 
material from the leaves and that the effect is greater on attenuated 
and old spores; even the mere presence of bruised leaves at a 





SPORE GERMINATION IN FUNGI 233 


distance from the spores can increase germination. This phenom- 
enon has been observed with many other materials, such as wine, 
apple juice, tomato juice, potato, extracts and mycelia and soil (12, 
14, 41, 82, 89, 91, 115, 117, 118, 119, 120, 121, 124, 144, 153). 
Because often none of the known nutrients could be substituted for 
such materials, the effects were usually attributed to growth-pro- 
moting materials. Nevertheless, none of these effects has been 
demonstrated to be due to the presence of the known vitamins (90, 
91). Other growth promoters, such as hypoxanthine from potato, 
and guanine, have been shown to be effective for Phycomyces 
(120, 122-124). 

Many fungi germinate better in the presence of ordinary 
nutrients and are sometimes even entirely dependent on an ex- 
ternal source of such materials. DeBary (28) points out that in 
Mucor stolonifer and other species, the presence of external 
nutrients allows the germ tube to grow like a vegetative hypha, for 
the spore retains its protoplasm and new protoplasm is synthesized 
as germination proceeds. (uantitative measurements on M., ver- 
rucaria support these observations, for the dry weight of germi- 
nated spores increased after germination (91, 92). Of the 
materials of known constitution, carbohydrates, such as glucose 
and sucrose, have stimulated germination most frequently (60, 80, 
81, 89, 99, 151). Nitrogen sources have also been implicated for 
Penicillium digitatum, P. glaucum, Phycomyces rutens and 
Glomerella cingulata (81, 94, 142, 143). The requirements for 
germination are sometimes very specific, as in P. digitatum, for 
which peptone and ammonium but not nitrate ions are effective. 
Mutants of Neurospora which have lost the capacity of synthe- 
sizing some amino acids also require the presence of these acids 
for normal germination, and in their absence germ tubes are pro- 
duced only after long periods of time (127, 128). Very few 
studies on the salt requirements for germination have been pub- 
lished, and variable results have been reported for potassium and 
magnesium (6, 37, 65, 81). 

While some spores, e.g., those of Fusarium lini, Puccinia 
graminis tritici and Stemophyllium sarcinaeforme, apparently re- 
quire no external source of nutrients, this independence has not 
been definitely established for most species (10, 37). Spores can 
vary quantitatively in their nutritive needs, and only those 
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organisms which are greatly deficient in one or more nutrients are 
usually noticed; others which are less deficient may obtain their 
requirements as contaminants from the media on which they are 
produced. Washing such spores can prevent germination by re- 
moving important nutrient materials (56,81). The critical studies 
of Lin (80, 81) deserve special mention in explaining the neces- 
sity for nutrients in germination. Spores of Sclerotinia fructicola, 
which were capable of 85.5 per cent germination when collected 
by brushing a culture or flooding it with water, failed to produce 
germ tubes when thoroughly washed and centrifuged. Since 
similar results were obtained when the spores were collected by 
gentle suction, the effect of the washing obviously was not due to 
leaching essential materials from the spore but merely to the re- 
moval of the contaminants. Addition of dextrose, sucrose, galactose 
or other carbohydrates to distilled water resulted in almost perfect 
germination, indicating that S. fructicola does not store sufficient 
carbohydrates in its spores. These spores are also capable of germi- 
nating, though to a lesser degree, under anaerobic conditions, which 
suggests the presence of a fermentation mechanism during germi- 
nation. Similar experiments with Glomerella cingulata revealed 
that its spores lacked not only an energy source but also nitrogen, 
phosphorus, magnesium and sulfur. Sufficient potassium must 
have been stored in the cell, since no external source was required. 
Coccomyces hiemalis might also be deficient in a number of 
nutrients, for Magie (89) reports that, though germination is im- 
proved in the presence of sugar, addition of salts further increased 
it. Various scattered reports indicate that for some species of 
fungi germination is increased as the concentration of spores is 
increased (8). 


OXYGEN AND CARBON DIOXIDE 


While oxygen may be indispensable for the germination of 


fungus spores, comparatively few exacting experiments to support 
this concept have been reported and most of the evidence consists 
of indirect observations (74, 155, 167). Many observers have 
agreed that spores commonly do not germinate or produce ab- 
normal germ tubes when submerged in water, but germinate 
readily when floated on it, as Melampsora lint, Puccinia coronata 
and Urocysti tritici (7, 28, 35, 64, 105). Yet such observations do 
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not prove that oxygen is essential; other factors might be respon- 
sible for these results, such as improper interfacial tension, the 
necessity of having water in a gaseous phase (144) or the lack of a 
gradient between the moisture content of the spore and its en- 
vironment (116). Nor can the use of carbon dioxide to displace 
air conclusively indicate that air is vital for germination (114), 
for such effects could readily be ascribed to the toxic action of 
carbon dioxide (13, 89, 111). Similarly the inability of Septoria 
apii to germinate in sealed capillary tubes can not be accepted as 
proof of its oxygen requirement (23). More direct evidence ot 
their oxygen requirement is available, however, for a number of 
fungi from experiments in which oxygen was removed by aspi- 
ration, adsorption by pyrogallol or replacement with nitrogen. 
Neurospora tetrasperma, Ustilago avenae, Coccomyces hiemalis 
and Actinomyces scabies all failed to germinate in the absence of 
oxygen, and when the spores were again exposed to air, normal 
germination occurred (79, 89, 53). Uppal (151, 152) demon- 
strated the importance of oxygen for germ tube formation among 
the Peronosporales. Such species as Phytophthora infestans and 
P. palmivora, which germinate directly at high temperatures but 
indirectly at low temperatures, and those species which invariably 
germinate directly, required this gas, but when P. infestans and P. 
palmivora were germinated at low temperature with the formation 
of zoospores, no oxygen was needed. Other fungi as Plasmopora 
viticola, which produced zoospores only, also required oxygen to 
germinate. According to Lin (80), Sclerotinia fructicola also can 
germinate under anaerobic conditions; the percentage of germi- 
nation is reduced under these conditions, however. 

Associated with germination is a sharp increase in oxygen con- 
sumption, for even resting spores utilize small but measurable 
amounts of the gas. The uptake of oxygen by Sclerotinia fructi- 
cola is increased as the spores are wet, and is further increased in 
a sugar solution (46). With this fungus respiration was further 
augmented at the time the germ tube appeared, but no such 
secondary increase occurred with two other fungi, N. tetrasperma 
and M. verrucaria (46, 52, 53, 54, 91,92). Differences in oxygen 
tension are reflected in the Qog, and within certain limits increased 
oxygen concentration is accompanied by an increased rate of up- 
take (52,91). According to Brown (13), germination of Botrytis, 
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Fusarium and Alternaria spores is not affected until the oxygen 
concentration is reduced to less than one per cent. All of the 
spores had a low rate of endogenous respiration but rather high 
exogenous respiration rates. Spores of M. verrucaria can oxidize 
a great variety of substrates in this process, including carbo- 
hydrates, amino acids, organic acids and alcohols (92). Sucrose 
and mannose are most readily utilized by M. verrucaria, and in 
their presence the Qo is about twice that of glucose, while with 
arginine, histidine, aspartic acid, ethylene glycol and urea no 
oxygen was consumed (92). Synergistic effects of mixtures of 
various carbon compounds were never observed with this fungus. 
The respiration of N. tetrasperma is different from that of the 
other two fungi, since the young ascospores are strongly dormant 
and thus even in water have a low oxygen consumption, but upon 
heat activation of the spores the incidence of germination is re- 
flected in a greater than ten-fold increased respiratory quotient 
(52, 53). 

Carbon dioxide has a deleterious effect on germination at high 
concentrations, but at low concentrations may be beneficial. Its 
inhibiting concentrations are dependent to some degree upon the 
fungus and the medium, as in Botrytis cinerea which is inhibited 
at 20-30 per cent carbon dioxide in water but not until 50 per cent 
in a nutrient medium (13). Morphologic changes also occur in its 
presence ; Rhisopus nigricans at 50 per cent carbon dioxide germi- 
nates with stunted enlarged cells which will, however, resume their 
normal appearance when removed to air (53). Coccomyces 
hiemalis is so sensitive that even the amount of gas emitted from 
crushed leaves in a closed chamber prevents germination (89). 
Usually, for short periods, carbon dioxide is not lethal and telio- 
spores of some rusts can be exposed for 24 hours and still germi- 
nate, but different spore forms of the same species can vary in the 
sensitivity, such as the teliospores and the sporidia of Gymno- 
Sporangium juniperi-virginianae (114). The toxic effects of car- 
bon dioxide might be direct, as in replacement of oxygen, but 
Platz and Durrel (111) have shown that increased carbon dioxide 
concentration may have indirect effects by raising the hydrogen 
ion concentration. A concentration of 30 per cent carbon dioxide 
increased the hydrogen ion concentration of water about 20-fold. 
Both stimulating and toxic effects can occur with the same 
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organism, as with Basisporium gallorum and Ustilago zeae; 
germination increased as the concentration of carbon dioxide rose 
from 5 to 15 per cent carbon dioxide, then decreased until it was 
almost entirely absent at 50 per cent. 


TEMPERATURE 


The effects of temperature upon germination have received more 
attention than any other environmental factor, due to their in- 
direct influence upon the infection of economic plants by fungi. 
Not only is the percentage of germination affected, but also the 
time for germination and the rate of elongation of the germ tubes. 
The modifying nature of heat is reflected in almost all physiological 
processes primarily by changing the rate of cellular reactions; in- 
creased temperatures cause more rapid biochemical reactions and 
decreased temperatures slow them down. Neurospora tetrasperma, 
for example, consumes more than twice the amount of oxygen at 
25° C. as at 15° C. (54). Physiologically similar changes are 
seen in the time required for germination (160) and in the rate of 
elongation. For Lenzites sepiaria this elongation of the germ tube 
increased from 0 microns at 16° C. to 400 microns at 32° C. 
during a 20-hour period (136). Most of the reactions of spores 
are correlated with a gradual increase in temperature, though 
sometimes a critical temperature must be reached before any effects 
can be measured. Thus in the activation of some dormant spores a 
temperature of about 50° C. must be attained for a short time to 
start some reactions which allow germination and respiration to 
proceed (33, 52, 133). : 

While no complete explanation of thermal effects on fungi is 
possible, certain general information of heat effects on biochemical 
systems is useful in understanding the physiological responses of 
the spore. Enzymes are materials which control most of the known 
living processes (57) and are very exacting in their temperature 
requirements with different optimum temperatures for the various 
enzymes. Pectinase production has a different optimum in various 
fungi, and these optima are different in turn from those conducive 
to the general growth of the organism (51, 161). Similarly the 
enzyme systems responsible for adenine synthesis in a mutant of 
Neurospora are active at 25° C. but not at 35° C. (97). Deleteri- 
ous effects of temperature are caused not only by inactivation of 
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enzymes but also by an unbalanced production, causing accumu- 
lation of some toxic materials. Since imbibition of water 1s 
usually essential for germination, its intake could be limited by the 
effect of heat on the viscosity of water; between 0° C. and 35° C. 
the specific viscosity decreases 60 per cent. Finally very high 
temperatures can coagulate the proteins of the spore and cause 
death. Exposing spores to temperatures above their maximum 
for germination for a prolonged period causes complete loss of 
viability (55, 59, 83, 84, 114, 165). But the optimum tempera- 
tures and the thermal tolerance are not absolute but depend on 
other factors, such as humidity, pH and even the temperature at 
which the spores were produced (9, 62, 83, 124, 144). 

The results of exposure to low temperature are rarely lethal by 
their direct action on chemical systems, for they merely retard 
reactions, and under proper conditions spores can remain viable 
for years. From analogies with bacteria the lethal effects of ex- 
treme cold could be attributed to the formation of ice crystals in 
the cell or on the membrane as the temperature rises toward the 
freezing point of water (162). Lethal temperatures vary with the 
different species, and most chlamydospores and such heavy walled 
spores as teliospores and zygospores can withstand very low 
temperatures (29, 110). Teliospores of Puccinia graminis tritici, 
P. graminis avenae and P. coronata and the perithecia of powdery 
mildews of grain (19) overwinter in Minnesota and the neigh- 
boring States where temperatures of — 30° C. are not rare. Even 
conidia of Glomerularia lonicera can withstand temperatures of 
-~7° C. for more than 40 days (59), and Peronospora destructor 
can be frozen for more than 15 hours and yet remain viable. In 
higher plants this capacity to survive low temperatures has been 
correlated with an accumulation of sugars in cells, changes in pro- 
tein colloids, decrease in free water and variations in the per- 
meability of the cell membranes. 

More data are available on the cardinal temperatures for 
germination of the fungi than any other environmental factor, and 
a survey of the data on more than 80 species showed great 
variation for different species, strains and media. Generally the 
minimum temperature is between 0° and 10° C., though an oc- 
casional organism, e.g., Sporotrichum carnis, will germinate at less 


than 0° C. (63). Only two organisms required temperatures 
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greater than 10° C. At low temperatures the period of obser- 
vation is very important, for germination often occurs very slowly 
(63, 160). The optimum temperature, however, is independent of 
observation time, and the peak of the curve remains the same. 
Among this representative group of fungi the optimum tempera- 
ture varied between 15° and 44° C. The distribution follows the 
pattern of a normal curve with a peak of 30 species in the class 24° 
to 28° C. The classes 21°-25° C. and 26°-29° C. contain 25 and 
27 species, respectively, giving a rather broad topped curve. On 
each side of these two classes a five-degree change reduced the 
fungi in half to 12 and 13 species. Puccinia antirrhini (90) had 
an optimum at about 10° C., and four fungi between 36° and 40° 
C. The maximum temperature also varies greatly, and some of the 
thermophilic organisms, such as Rhizopus chinensis, germinate as 
high as 52° C. (160). 

Different species have different ranges of temperature in which 
they will germinate. Some are very narrow, as for Puccinia 
antirrhini which produces germ tubes only between 5° and 25° C. 
and Cronartium ribicola between 8° and 25° C. (35); in contrast, 
R. nigricans has a range more than twice these, between 1.5° and 
45.5° C. (160). Generally a deviation from optimum conditions 
narrows the limits of germination (35). Temperatures at which 
the spores are produced, the pH, the humidity and the constitution 
of the media can alter the cardinal temperatures slightly. No 
correspondence between the four classes of fungi and differences 
in temperature requirements could be formulated for the various 
species studied, but the rusts usually did best at about 20° C. A 
comparison of the cardinal temperatures for germination and 
growth of 28 fungi revealed a close conformity, and often the tem- 
peratures for these processes were identical (1, 82, 84, 85, 136, 
138, 149, 157, 160), though occasionally wide differences, as with 
macroconidia of Chalaropsis thielavioides, have been reported (86). 


HYDROGEN ION CONCENTRATION 


Another limiting factor for germination is the hydrogen ion 
concentration of the environment, though under natural conditions 
this is not important because extremely acid or alkaline conditions 
rarely occur. As a group, the fungi tend to be acidophilic with an 
optimum pH in the acid range, and only rarely is germination 








ain etree: SAR Nalin YE SCR ahr 


240 THE BOTANICAL REVIEW 


favored by an alkaline reaction. The optimum for many species 
is about a pH 3.0 (94, 156) and for others between pH of 6.0 and 
7.0 (45, 89, 94, 140, 156). Colletotrichum gossypii is one of the 
unusual fungi because of its basophilic character, but the germi- 
nation ranges of many other fungi also extend far into the alkaline 
regions (156). Differences between species are sometimes very 
distinct, as in the case of Penicillium italicum which produces germ 
tubes between pH 2.0 and greater than pH 10.0 (94), and l’en- 
turia inaequalis which germinates only in the range pH 2.6 to 68 
(107). Although the acidophilic character is predominant among 
those fungi which have been examined, Westerdijk (163) dis- 
agrees with this general belief, for, from her wide experience with 
the culture collection at Baarn, Holland, she has found that neutral 
media are best for the growth of fungi. In some species, ¢.g., 
Sclerotinia fructicola and Fomes annosus, double maxima have 
been reported (140); usually the greatest amount of germination 
occurs in the acid region, while a second peak occurs near the 
neutral point. Tilford (140) attributes double maxima to the 
isoelectric point of the protoplasmic proteins, for at this pH metab- 
olism is at a low point, whereas on either side physiologic activity 
again rises. Differences in temperature or time of observation do 
not affect the optimum pH, however, and the nature of the medium 
sometimes has a marked influence on the maximum pH _ value. 
Not only is germination influenced by hydrogen ion concentration 
but it also can change the pH of the medium, and usually this 
change is toward neutrality (156). 


ENZYMES 


Since most metabolic processes have been associated with 
enzyme activities, the presence of such catalysts in germinating 
spores can reasonably be assumed. A number of such systems 
have been demonstrated in studies on the respiration of spores of 
Neurospora. Carboxylase is present in the activated spores, a 


phaeohemin oxidase also seems probable, and the effects of some 
respiratory poisons indicate other respiratory catalysts. In ad- 
dition the flavin enzymes may also be responsible for a small part 
of the spore’s respiration (52, 53, 54). Two other enzymes re- 
lated to oxygen physiology, catalase and peroxidase, have been 
found in spores of Aspergillus oryseae (136). Studies on that 
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fungus (136) have demonstrated the activity of a number of other 
enzymes, urease, glucosidase esterase, nuclease, invertase, amylase, 
chymase, phytase and peptase, but seven other enzymes could not 
be found in spore extracts. Pectinase and amylase are present in 
at least two species of Rhizopus and sucrase is present in some 
Aspergilli (76, 77, 136), in Penicillium glaucum (92) and in 
M yrothecium verrucaria (91, 92). The last fungus shows some 
strange anomalies, for, although hydrolysis of neither maltose nor 
cellulose could be experimentally measured, this fungus will grow 
on both substrates. Mandels (92) infers from this that the spore 
must be in actual contact with cellulose in order to germinate. 

Extensive researches have been made only with the sucrase of 
M. verrucaria, for which quantitative measurements of hydrolytic 
activity were used. Mandels (92) showed that sucrase is not 
secreted by the spore into its medium, nor can it be leached from 
living or dead cells; it is released when the spore is ruptured. Yet 
the enzyme is not adsorbed on the spore wall, for no elution pro- 
cedures were successful, and he postulates its position near the 
surface of the spore, perhaps in the cytoplasmic membrane. 
Sucrase activity is constant for four to five hours in a phosphate 
buffer, but if yeast extract which promotes spore germination is 
added, an increased activity takes place after only one hour. 
Synthesis of this enzyme is apparently dependent on the presence 
of sucrose and is initiated in the swelling stage of germination. Its 
release is correlated with an increase in spore volume and follows 
the beginning of protoplasmic synthesis. Hydrogen ion concen- 
tration affects the hydrolysis of sucrose by sucrase similarly in 
vitro and in vivo. 

DORMANCY ’ 

Not all viable spores will germinate under optimal environ- 
mental conditions and many remain dormant for long periods (7, 
28, 37, 93, 110, 114, 124, 171). Recently a broad concept of 
dormancy has been proposed which includes the inability of a 
living spore to germinate because of any environmental or 
nutritional factor, such as lack of nutrients, moisture or proper 
temperature (91). In this discussion, however, a more limited 
definition will be used in which dormancy applies only to the innate 
state of the cell; a spore is dormant when it does not germinate 
under the same nutritive and environmental influences which 
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later allow production of germ tubes. In some cases dormancy is 
definitely related to the maturity of the spore (130), as with 
urediospores which do not germinate if scraped from the sorus 
before they are loose but must first age, while mature spores 
germinate immediately (100). Similarly ascospores of Pseudo- 
peziza trifoli and P. medicaginis germinate readily when mature 
and naturally discharged but not if they are obtained by crushing 
the ascus (73). Some spores are killed if detached before 
maturity, but others can continue their development apart from 
the parent mycelium (35), while spores of Sordaria fimiseda can 
germinate even before completion of their definitive mem- 
brane (28). 

Different types of spores from the same species usually have 
different dormancies; thus the urediospores of P. gramuinis tritict 
germinate readily, while the teliospores require about six months 
aging (26, 58). Conidia generally germinate with only a short 
rest period or none at all, but the ascospores of the same species 
remain inactive for long periods (127, 128, 133). Considered as 
a maturity phenomenon, dormancy is a common property of all 
spores, and only the length of time for maturity varies with the 
species and spore types. Many spores need long rest periods, and 


in certain species of the Ascobolaceae germination is rarely ob- 


served. As has been mentioned, the teliospores of many rusts are 
dormant for long periods. Even more refractory are the chlamydo- 
spores of the smut L’stilago striaeformis which requires a resting 
period of 285 days (27). The zygospores of aquatic fungi 
generally require long rest periods, as in the Saprolegniaceae 
where the time for maturation varies from 30 hours to at least 
three months, depending on the species (37, 78, 131, 133, 170). 
ne feature which some spores with long dormancy periods have 
in common is the presence of nuclear changes, such as fusion in 
the zygospores, fusion and division in the teliospores, and in the 
Ascobolaceae formation of ascospores by complex nuclear divisions. 

Three types of treatment have been used to shorten the rest 
period of spores. The first of these attempts to simulate natural 
environmental conditions, such as alteration of temperature and 
humidity, a procedure that has been moderately successful for the 
rusts and smuts (26, 52, 106, 113). The second method is a 
chemical treatment, usually with dilute solutions of organic com- 
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pounds, of which the aldehydes, benzaldehyde, salicylaldehyde and 
furfuraldehyde have been most successful (42, 106). Organic 
acids, esters and mineral acids are also sometimes effective (12, 
42, 82, 106, 125, 151); the effect of the acids is not correlated 
with their hydrogen ion concentration. It is interesting that ten 
years elapsed between the time when Goddard (53, 54) stated that 
no chemical method of stimulating the germination of N. crassa 
was known, and the report of Emerson (42) that furfural will 
activate these spores. The third method is heat shock which has 
been effective both for a number of species of the Ascobolaceae and 
for Phycomyces (33, 133). More than one type of treatment can 
sometimes break dormancy in the same spore; heat activation or 
furfural is effective for N. crassa, while alternation of dry, wet, 
hot, and cold conditions, or benzaldehyde will induce germination 
in teliospores of ??. graminis tritici (42, 106). 

Though different mechanisms have been suggested to explain 
the artificial breaking of dormancy, such as activation of enzyme 
systems or change in permeability of the cell membranes, the only 
experimental results available are from studies on Neurospora 
crassa. These ascospores are activated by short exposures at 49°- 
52° C.; after this treatment germination increases from about one 
per cent to 95 per cent. Heat treated spores can be deactivated 
by placing them under anaerobic conditions or in cyanide, but re- 
heating them will again stimulate germination (53). In contrast, 
furfural activation is irreversible (42). Activation itself is not 


dependent on the presence of oxygen, but consumption of this gas 


is greatly increased after heat treatment. Another difference 
between activation and germination lies in their response to 
cyanide; the activation mechanism is insensitive to this reagent, 
while respiration of the germinating spore is blocked by cyanide. 
No carboxylase activity is present in the dormant spore, whereas 
this enzyme is functional in activated cells. From his studies, 
Goddard (54) suggested that “two qualitatively different respir- 
atory systems are present, namely, the dormant system which 
functions in the absence of carboxylase, and a second system, 
active in heat treated spores, which passes over the enzyme car- 
boxylase. The respiratory block is then the inactivity of the 
enzyme carboxylase”’. 





THE BOTANICAL REVIEW 


RADIATION 


Radiation often alters the behavior of spores, sometimes by in- 
hibiting germination, and more rarely by stimulating the process. 
These results are related directly to the time of exposure and to 
the intensity of the rays; and usually the inhibitory activity in- 
creases as the wavelength decreases through the visible and ultra- 
violet regions (38, 71, 108). 

If any generalization can be made of the result of exposure to 
visible light, it is that most spores are not materially altered by 
diffuse or low intensity light (17, 31, 32, 34, 64, 68, 70, 72, 98, 
114, 115, 135, 154). The effects of high intensity artificial light 
or sunlight have been more difficult to appraise because, first, the 
direct radiant effects have not always been separated from the 
effects of light in raising temperature (36), and second, in the case 
of sunlight no mention has been made whether or not the spores 
were covered with glass. If they had been covered, the conse- 
quence of the ultraviolet component of sunlight could not have been 
appraised. Many reports indicate that strong artificial light is 
deleterious to some spores (24, 68, 72, 87, 135, 153). The result 
of such irradiation, however, is sometimes dependent on the per- 
centage of moisture in the spore and on the temperature or pH of 
the surrounding medium (5, 24, 30, 31, 108, 109, 134). Cochran 
(24) has shown that exposure of Phragmidium mucronatum spores 
on dry slides to artificial light does not hinder subsequent forma- 
tion of germ tubes, whereas the process was depressed when the 
spores were exposed on water agar. Similar effects have been 
shown with ultraviolet light exposure on Puccinia graminis tritici 
(32). Direct exposure to sunlight is debilitating to many spores 
(31, 114, 135, 165) and occurs even when the heating effect is 
prevented; for example, exposure of sporangia of /eronospora 
nicotianae for one hour on a block of ice is lethal to that organism 
(165). The effect of time of exposure is illustrated in studies on 
some wood-decaying fungi in which spores are inhibited by a one- 
day exposure but are killed by a two-day treatment (135). Not all 
fungi are injured by sunlight; such divergent species as Cronartium 
ribicola, L’stilago destruens, Trichoecium roseum and Penicillium 
glaucum can withstand irradiation which injures many other 


species (36, 70, 108). Not all wavelengths of the visible spectrum 
are equally fungicidal, and blue light appears as the most active 
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portion of the visible spectrum (38). Sunlight can inhibit germi- 
nation of urediospores even when passed through orange, red, 
yellow or purple filters (31). 

Some of the early investigators reported stimulatory effects of 
light on germination; most of these reports have not been con- 
firmed. Hoffman (70) reported such effects with Agaricus 
campestris, but Ferguson (44) noted not only the absence of 
stimulation but the presence of a depression of germination. Better 
germination after irradiation has been found for some of the 
oomycetes, yet again the opposite result was reported in the studies 
of Melhus (98). Nevertheless the enhancing properties of radi- 
ation must not be dismissed, for recently Ziegler (170) stated that 
light stimulated zygospore germination of Protoachlya hypogena, 
Achlya recurva and Thraustotheca primoachlya, and similar stimu- 
lation has been shown to occur with exposure of Colletotrichum 
phomoides to certain regions of ultraviolet range (71). 

Positive phototropism of germ tubes has never been conclusively 
demonstrated for any of the species studied (19, 24, 135), but a 
negative response has been reported for a number of rusts (45, 
47). Forbes (45) showed that negative tropism to white light is 
due to its blue and violet components. 

As would be expected, spores are more readily harmed by ultra- 
violet and X-rays than by visible light, and the injury varies in 
the same direction as the intensity of the rays, though the decrease 
in germination is not always proportional to the increased inten- 
sity (30, 36, 43, 88, 108, 126, 134). According to Rodenhiser and 
Maxwell (126), chlamydospores of Ustilago hordei were not in- 
jured by exposure to 100 Kr; an increasing number of spores 
failed to germinate between 100 and 1000 Kr; and above 1000 Kr 
all the spores were killed. Sporidia production ceased above 150 
Kr, and increased germ tube length was noticed between 60 and 
150 Kr. X-rays are also very lethal to spores, and, for the asco- 
spores of Neurospora at least, Uber and Goddard (150) state that 
death does not result from a single well defined reaction but from 
several deleterious processes. 

One protective mechanism against injurious rays is offered by 
the pigments of some spores, and many correlations between color 
of spores and resistance to radiation have been made (38). 
Weston (31, 32) showed that white and orange spores of Puccinia 
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graminis tritics are more easily killed by ultraviolet light than are 
grey and red spores. Studies on human pathogens by Chavarria 
and Clark (18) and by Nagy (104) on ten different fungi also 
indicate that the darker the color the more irradiation is necessary 
to kill the spore. 

TROPISMS 


Though the tropic responses of germ tubes were studied by a 
number of investigators in the late nineteenth and early twentieth 
centuries, very few features of this phenomenon have been widely 
accepted. Myoshi (102) observed both positive and negative 
chemotropisms, such as growth toward sugar solutions and away 
from acids and alkalis, but neither Fulton (48), Corner (25) nor 
Clark (21) could confirm this with their fungi. However, Graves 
(61) found a weak positive chemotropism in Rhizopus nigricans 
toward turnip juice, sucrose and glucose. The one definite and 
widespread reaction of germ tubes on which most investigators 
agree is their negative response to the presence of other hyphae, 
for the germ tubes in their studies turned away from openings or 
media which contained other germ tubes and even from media 
containing their own staling products (21, 48, 61). As has been 
discussed in a previous section, negative phototropism among the 
rusts is also widely accepted. Thigmotropic reactions of germ 
tubes have also been demonstrated for the powdery mildews (25). 


TIME FOR GERMINATION 


The time required for production of germ tubes in any collection 
varies greatly, even when mature spores are tested and other 
factors are kept at their optimum. With Sclerotinia fructicola 
as much as ten hours can intervene between the time the first spore 
and the last one germinate in a microscope field. Another critical 
feature is the criterion on which time is recorded; for some in- 
vestigators it is the moment when a swelling in the spore wall ap- 
pears, for others it is the time at which the germ tube has parallel 
walls, and a third group uses the time when the germ tube equals 
the length of the spore. The period is greatly affected by tempera- 
ture (3, 141), and therefore the time for germination has also been 
used in determining the optimum temperature for this process 
(160). The internal conditions, such as maturity of the spore, in 
addition to the innate propensity of the species are naturally also 
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important in regulating the speed of germination. Doran (35) in 
1920 compiled the literature on 25 different fungi, and data on 
others have been published since then. Of the latter group, for 
example, Melampsora lini germinates rapidly within 45 minutes, 
Diplodia zeae slowly within 13 to 16 hours, while Pyrenophora 
nicotianae is intermediate, requiring two hours (17, 64, 75, 139, 
146, 165). 
SENESCENCE 

Spores of fungi undergo not only a period of maturation during 
which the percentage of germinating spores increases but also a 
period of senescence which is accompanied by decreasing vitality. 
Senescence should begin immediately after the peak of germination 
has been reached, but data on this phase of germination are very 
meager. Most studies on longevity are based on the assumption 
that the spores were collected when mature, an assumption which 
is unwarranted with such organisms as the telial stage of wheat 
stem rust in which about a six months rest period is common 
after they have been collected. The viability of all spores gradually 
decreases and is dependent both on the inherent characteristics of 
the organism (125) and upon environmental conditions (2, 35). 
Unless stored under special conditions some spores are extremely 
short lived. According to Doran (35), Spaulding reports that 
sporidia of Cronartium ribicola lived less than ten minutes, and 
Reed and Crabill (114) observed that the sporidia of Gymno- 
sporangium juniperi-virginianae are killed in three to five days 
in air. Conidia of Peronospora destructor are viable for only 3 
days at 15° C. and 75 per cent humidity. In contrast some sporidia 
of U’stilago zeae have remained viable for at least three and one- 
half years, chlamydospores for five years (110). Roberg (125) 
tested desiccated cultures of 14 species of Aspergillus after 10-15 
years and successfully cultured all but three of them, though 
several races of the same species differed in longevity. He con- 
cluded that longevity is primarily an hereditary trait. Records 
of the viability of many other spores have been reported and in- 
dicate a great difference in survival potential but always a gradual 
decrease of viability with time (17, 35, 38, 55, 59, 66, 89, 93, 101, 
110, 113, 114, 135). 

Temperature greatly influences the longevity of spores, and long 
senescence is correlated with low temperatures, while high tem- 
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peratures shorten this period (2, 84, 110, 135, 157, 165). The 
loss of viability is especially rapid above the maximum temperature 
for germ tube formation (83). According to Gould (59), 
Glomerularia lonicera was viable for only 15 days at 15° to 25° C. 
but more than 40 days at -7° to 7.5° C., and similar results have 
been reported for Exoascus deformans. When spores of G. juni- 
peri-virginianae were dried at different temperatures from 13° to 
26° C., the viability decreased inversely with temperature. Low 
temperatures, often freezing, have no deleterious effect on most 
fungi (19, 100). Other environmental factors can sometimes 
change the normal temperature relations of spores, as Ling (83) 
has shown with species of Colletotrichum wherein the thermal 
tolerance increased slightly with an increase of the incubation 
temperature of the parent culture and also as the pH of the medium 
was raised. 

Humidity also influences the length of time during which spores 
retain their vitality, and high humidity tends to shorten this period 
(2, 3, 135). Such effects were evident in studies of Rosen and 
Weetman on P. coronata, even at low humidities, for at 50 per cent 
relative humidity all the urediospores were dead after six months 
to a year, but at 25 per cent they remained viable for more than a 
year. Nevertheless no such deleterious effects have been reported 
for a number of species, among them Actinomyces scabies which 
was unaffected by moisture between 12° and 30° C. (129). 
Duggar (38) kept Aspergillus flavus on distilled water for 90 days 
during which no germination occurred, yet these same spores 
germinated readily when placed in a nutrient solution. For some 
of the rusts the optimum humidity as determined by two labora- 
tories is 49 per cent over a wide range of temperature (113), and 
aeciospores of Cronartium ribicola have been reported to survive 
longer in moist air than in dry air. Desiccation delays the 
senescence of some spores, as U. seae which survived five months 
drying (110), but is injurious to other spores (3, 66), though the 
latter effect might involve a different phenomenon than a con- 
tinued absence of water. Rapid desiccation at low temperatures, 
on the other hand, is favorable for the survival of most fungi. A 


widely fluctuating environment is most injurious to spores, and 


most mature spores germinate very poorly or not at all when al- 
ternately wet and dry or frozen and thawed (19, 110, 135). 
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Some evidence indicates that spores are naturally protected to 
some degree from the debilitating effects of environment and that 
studies on glass slides might not accurately describe the situation. 
This is evident with pycniospores of Endothia parasitica which 
germinated readily even after the horn had been stored for one 
year, but if its gelatinous matrix was first dissolved, viability was 
entirely lost within one month (66). A similar protection by a 
water-soluble coating on the spores occurs in Glomerella rufo- 
maculans (16). When spores are enclosed in a fruiting body, such 
as a perithecium, they retain their viability longer than when re- 
moved from the ascus and stored on glass (4, 17). Organic matter 
of many kinds, including soil, will also protect spores from the loss 
of their power to germinate (66), and even plant parts such as 
leaves have been shown to preserve spores ; conidia of Pyrenophora 
bromi germinated after longer periods on dried leaves than on glass 
slides (17). 

Recent studies by Mandels (91) indicate that the dry weight of 
M. verrucaria decreases with age, and, since spores respire even 
when not germinating (52, 91, 95), some of the reserve materials 
of the spore evidently are oxidized. Supporting this conclusion is 
the observation that the germination of old spores is stimulated 
more by the presence of external nutrients than is that of young 
spores (14). Thus those conditions which increase the metab- 
olism of the organisms, such as high temperature and humidity, 
do not favor the longevity of spores; conversely low temperature 
and humidity, which decrease the rate of metabolism, increase the 
life span of spores because of the conservation of its stored food 
reserves. 

SUMMARY 


Water, either in its liquid or vapor phase, is essential for the 
normal germination of all fungus spores, but the species differ in 
this requirement. Generally germ tube formation increases with 
increasing humidity and some species need liquid water. Erysiphe 
is unique, since some species can germinate at zero humidity, yet 
even such species require vapor for normal germination. For 
spores which are deficient in food reserves, an external source of 
nutrients is necessary, while others which have a full complement 
of nutrients can germinate readily in distilled water. Old spores in 
which the reserves have been depleted are also stimulated by ad- 
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dition of nutrients to the media. Oxygen is normally required by 
spores even when resting, but the uptake increases both when 
germination begins and also if external nutrients are available. 
Carbon dioxide, on the other hand, is usually injurious, though 
stimulatory results have also been observed; some of these effects 
can be attributed to the increased acidity produced in its presence. 
Temperatures below 10° C. usually greatly retard germination, 
and the optimum for most fungi is between 15° and 30° C., while 
above this range the process is inhibited. Some fungi, however, 
are thermophilic and will germinate at temperatures above 50° C. 
The production of germ tubes is usually enhanced in an acid 
medium but is also good when media are near the neutral point; 
only occasionally does an organism have its optimum in the alkaline 
region. Various respiratory and hydrolytic enzymes have been 
demonstrated in spores, and secretion of sucrase during the germi- 
nation has been established. The dormant period of spores has 
been shortened or broken by heat, chemical agents and alteration 
of temperature and humidity. Diffuse light does not influence 
germination, but sunlight or intense artificial light can inhibit this 
process and kill the spores. Ultraviolet and X-rays are lethal at 
high intensities or for long periods, and even when not lethal they 
can induce mutations. Pigments in the spore walls act as a pro- 
tection against such deleterious effects. During germination the 
spore tubes tend to grow away from each other and are “negatively 
tropic” to their own staling materials. Negative chemotropism is 
more common than positive chemotropism, though the germinal 
hypha of some spores will elongate toward nutrient materials. 
Maturation of spores normally occurs while the spores are on the 
parent culture, but some spores can complete the process when re- 
moved from the sporophore. Later, senescence takes place, with 
gradually reduced germination, until eventually viability is entirely 
lost. 
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UPPER CARBONIFEROUS AND LOWER PERMIAN 
CONIFERS 


RUDOLF FLORIN 
Hortus Botanicus Bergianus, Stockholm, Sweden 


The transition from the Carboniferous to the Permian and the 
Permian period itself constitute together one of the most interest- 
ing phases in the history of the plant-world. In this the conifers 
superseded the Cordaites and began for the first time to play a 
more conspicuous role in the forests of the Northern Hemisphere. 
The occurrence and wide distribution of coniferous remains in the 
Upper Carboniferous, and particularly the Lower Permian strata, 
have been known for more than a century, but until recently they 
were little studied from the morphological and taxonomical points 
of view. In 1938-1945, however, the author published a mono- 
graph on these conifers based on an investigation of practically all 
the material collected in various countries—including the United 
States and Canada—since the beginning of the nineteenth century 
[Florin: “Die Koniferen des Oberkarbons und des unteren 
Perms”, Parts I-VIII.—Palaeontographica 85 B: 1-729, 1-72, pl. 
1-186, {. 1-65, 2 maps. Stuttgart (Germany) 1938-1945]. This 
material was very copious but consisted almost exclusively of 
compressions and impressions buried in sediments of various kinds. 
The cuticular analysis has proved to be of great value in con- 
nection with the discrimination and delimitation of genera and 
species, and to the study of the morphology of the reproductive 
organs. The results obtained are of special interest to the long 
debated problem of the morphology and early evolution of the 
female cone in the conifers. 


THE GENUS Lebachia Florin 


The “genus” Walchia, first distinguished in 1825 by von Stern- 
berg, contains at least two natural groups of species, one of which 
has now been named “‘Lebachia” after Lebach, a well-known Lower 
Permian plant locality in the Saar. Lebachia is the dominant 
genus of early conifers in the Northern Hemisphere. Fourteen 
species have been described ; in addition, 11 species of similar kind 
are temporarily retained in the artificial genus Ii’alchia because 
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our knowledge is still too imperfect 6 allow their being referred to 
Lebachia with absolute certainty. Personally, however, I think 
that they, too, will later prove to belong to this natural genus. 

The lebachias were monopodia'!, “branched woody plants of 
probably moderate height, built up of rather slender main stems 
and lateral, axillary, spreading shoot-systems forming regularly 
arranged but false whorls. In habit the lebachias obviously differed 
a good deal from the Cordaites which lacked the regular branching 
of the stem by uniform whorls. In young stages the stem is 
covered by bifacial, spirally disposed, leathery foliage leaves, 
broadly decurrent, pointing forward and overlapping. These 
leaves are linear-triangular in shape, two-forked at their apices, 
and probably uni-nerved in their basal and middle parts. 

Each lateral shoot-system consists of a strong shoot of the first 
or penultimate order with radially distributed leaves. It carries 
two uniform rows of 20-60 mostly alternating lateral branchlets 
spread in the horizontal plane. The foliage leaves of the penulti- 
mate shoot resemble those of the stem but are sometimes entire at 
the apices (by reduction) and sometimes more spreading. In ex- 
ceptional cases lateral shoots of the second or even third order have 
produced branchlets, thus making the system more complex (cf. 
recent araucarias of the Section Eutacta). 

The branchlets are closely covered by-homomorphic, overlapping, 
bifacial, spirally and radially arranged foliage leaves, pointing for- 
ward or more or less spreading. Further, they are concave 
adaxially, decurrent at their bases, of linear-triangular or almost 
linear shape, always entire at the apices, more strongly keeled on 
their backs than on their upper surfaces, and no doubt always uni- 
nerved. No bud-scales were formed. 

The branchlet leaves are amphistomatic. The under side of 
such a leaf shows two short papillate groups or bands of stomata 
irregularly arranged but mostly orientated longitudinally. Its 
upper side has two long papillate stomatic bands, occasionally 
fused at the apex. They, too, are made up of irregularly arranged 
and as a rule longitudinally orientated stomata. The leaf margin 
is frequently denticulate. 

The stomatal apparatus is of the haplocheilic type and is mono- 
cyclic or incompletely amphicyclic. The four to ten perigene sub- 
sidiary cells usually carry one cuticular papilla each; two of them 
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are as a rule polar and all the rest lateral. Contiguous stomatal 
apparatuses are often found to have subsidiary cells in common. 
The guard-cells are sunk below the surface and only weakly 
cutinized. Cuticular papillae occur not only in the stomatic groups 
and bands but also outside these on the upper surface of the leaf, 
though in varying frequency and distribution, One-celled hairs 
are found on both sides, but they are generally more frequent and 
more closely placed on the under than on the upper surface. The 
epidermal cells have straight and smooth anticlinal walls. 

The cones are of two kinds, female and male. The female cones 
are ellipsoid or cylindrical, more or less erect and seated singly 
and terminally, either on short branchlets in the basal parts of 
lateral shoot-systems or on the axes of penultimate order. They 
are built up of a main axis carrying spirally arranged, two-forked, 
non-lignified bracts, and in the axils of these, radially symmetrical 
or, exceptionally, slightly flattened fertile dwarf-shoots (seed-scale 
complexes or flowers). The bracts are amphistomatic, and their 
epidermal structure resembles that of the foliage leaves. The fer- 
tile dwarf-shoot has a short axis with several, broadly decurrent, 
erecto-patent, imbricate and spirally arranged appendages (scales), 
of which as a rule all but one are sterile and of narrowly triangu- 
lar or almost linear shape. The fertile scale or megasporophyll is 
placed on the side facing the cone-axis, and carries one erect 
atropous ovule at its tip. This ovule is flattened and furnished 
with a single integument forming a direct continuation of the 
megasporophyll and completely enclosing the nucellus. Two 
archegonia were developed at the micropylar end of the female 
gametophyte. The integument is covered on the outer side by an 
epidermis with longitudinally orientated stomata in short rows or 
more irregularly arranged, as well as hairs and short cuticular 
papillae. The seeds are of the platyspermic type and furnished 
with a marginal “wing”, in which there is an apical notch. 

The male cones or flowers, placed terminally on leafy branchlets, 
are often more or less pendent, and ellipsoid or cylindrical. They 
consist of an axis with spirally arranged microsporophylls which 
are bifacial and spreading in the basal part but erect or erecto- 
patent in the distal region, and overlapping. Each microsporo- 
phyll appears to carry two microsporangia on the under side in the 
basal region. The epidermal structure of the microsporophyll 
resembles that of a foliage leaf. The pollen grains are of oval or 
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almost circular outline in face view, but somewhat flattened at the 

poles. They are characterized by having a continuous balloon air- 

sac, interrupted only at the distal slightly sulciferous pole, and 
reticularly arranged mesexinous elements attached to the ectexine 
and protruding into the sac. No triradiate marking is visible. 

Lebachia occurred exclusively in the Northern Hemisphere 

where it was widely distributed, particularly in Early Permian 

times. The following list gives the names of the species described 
up to now as well as a rough outline of their vertical and horizontal 
distribution. (Upper Carboniferous means “Stephanian”; Lower 

Permian, “Rotliegendes” ). 

Lebachia americana Florin: Lower Permian of New Mexico and 
Texas. 

L. angustifolia Florin: Lower Permian of the Saar, Thuringia and 
Moravia. 

L. frondosa (Renault) Florin: Upper Carboniferous of Bohemia, 
France (Isére and Sadne-et-Loire) and Portug:! (?); 
Lower Permian of Thuringia, Saxony, Bohemia, Moravia, 
France (Aveyron and Sadne-et-Loire) and England (War- 
wickshire, and Staffordshire ?). 

. garnettensis Florin: Pennsylvanian of Kansas; Lower Permian 
of Texas. 

. Goeppertiana Florin: Upper Carboniferous of France (Alsace 
and Isére); Lower Permian of South Norway, the Saar, 
Thuringia, Saxony, Bohemia, Moravia, France (Hérault and 
Saone-et-Loire), Portugal and Kansas. 

. Hirmeri Florin: Upper Carboniferous of Lower Silesia; Lower 
Permian of Lower Silesia, Bohemia and Moravia. 

. hypnoides (Brongn.) Florin: Lower Permian of Thuringia, 
Lower Silesia, Bohemia, Moravia, France (Heérault and 
Saone-et-Loire), Russia (Donetz) and North China (?). 

. intermedia Florin: Lower Permian of Bohemia and France 
( Hérault). 

. laxifolia Florin: Lower Permian of the Saar, Thuringia, 
Saxony, Lower Silesia, Bohemia, France (Heérault), Italy, 
Portugal and Morocco. 

. mitis Florin: Lower Permian of the Saar and Thuringia. 

. mucronata Florin: Lower Permian of the Saar and England 
(Staffordshire ?). 
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L. parvifolia Florin: Upper Carboniferous of the Saar, Bohemia, 
France (Loire and Saone-et-Loire), Portugal and England 
(Shropshire) ; Lower Permian of the Saar, Rheinpfalz, Wet- 
terau, Thuringia, Harz, Saxony, Bohemia, Moravia, France 
(Hérault), Spain (Cantillana), Portugal, Morocco, East 
Greenland, Arizona (?), Kansas (7) and New Mexico. 

L. piniformis (Schloth. pars) Florin: Upper Carboniferous of 
Lower Silesia and Eastern Canada (Prince Edward Island) ; 
Lower Permian of South Norway, the Saar, Rheinpfalz, Wet- 
terau, Thuringia, Harz, Saxony, Lower Silesia, Bohemia, 
Moravia, Roumania, France (Herault), Spain and England 
( Warwickshire ). 

L. speciosa Florin: Upper Carboniferous of France (Corréze) ; 
Lower Permian of the Saar, Wetterau, Thuringia, Saxony, 
Bohemia and Moravia. 

The species of the artificial genus Walchia, which strongly re- 
semble.Lebachia and will in all probability later turn out to belong 
to this genus, are: 

Walchia Bertrandii Florin: Lower Permian of France ( Hérault). 

W. Carpentiert Florin: Lower Permian of Morocco 

HW’. Dawsoni D. White: Upper Carboniferous of Eastern Canada 
( Nova Scotia and Prince Edward Island) ; Lower Permian of 
Arizona. 

", gallica Florin: Lower Permian of France (Herault). 

. Geinitsti Florin: Lower Permian of Italy. 

. minuta Florin: Lower Permian of Morocco. 

", Schlotheimiu Brongn.: Lower Permian of France (Heérault 
and Saone-et-Loire) and Morocco (?). 

. Schnetderi Zeiller: Penrisylvanian of Kansas; Lower Permian 
of ‘France (Saone-et-Loire), England (Shropshire) and 
Morocco. 

W’. stephanensis Florin: Upper Carboniferous of France (Loire). 

HW’. stricta Florin: Pennsylvanian of Colorado;.Lower Permian of 
Russia (Perm) and Oklahoma. 

W. Whitet Florin: Lower Permian of Texas and Arizona. 


Isolated female cones which probably belong to Lebachia but 
are temporarily referred to a separate organ genus, /!alchiostro- 
bus Florin, have been found in the Lower Permian of Thuringia, 
Harz and France (Hérault and Vosges). Isolated male cones 
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named Walchianthus Florin are known from the Lower Permian 
of Bohemia and France (Herault), and stem fragments, pro- 
visionally referred to the organ genus Walchiopremnon Florin but 
probably belonging to Lebachia, from the Lower Permian of 
France ( Vosges). 


THE GENUS Ernestiodendron Florin 


The artificial genus ]/’alchia Sternb. has been found to include, 
besides Lebachia, also the genus Ernestiodendron, named after 
Ernst Friedrich von Schlotheim (1764-1832), a German geologist 
who in his “Petrefaktenkunde auf ihrem jetzigen Standpunkte” 
(Gotha, 1820) figured the specimens on which Walchia was’ 
founded. 

Ernestiodendron comprises monopodially branched woody plants 
of probably moderate height, built up of rather slender stems and 
lateral, axillary, spreading shoot-systems forming regularly ar- 
ranged but false whorls. In young stages the stem carries bifacial, 
spirally disposed, leathery foliage leaves which, in contrast to 
those of the lebachias, are non-decurrent and extremely spread 
out. In addition, these leaves are of linear-triangular shape and 
probably uni-nerved. 

The lateral shoot-system consists of a strong shoot of the first 
or penultimate order with radially distributed foliage leaves. It 
carries two uniform rows of at least 50 mostly alternating lateral 
branchlets spread out in the horizontal plane. The leaves of the 
penultimate shoot resemble those of the stem. They fell off more 
easily than in Lebachia, leaving distinct scars on the axis. 

The branchlets are covered by homomorphic, bifacial, spirally 
and radially arranged, rigid foliage leaves. These are non-de- 
current, concave on their adaxial surfaces, linear-triangular in 
face view, acuminate at the apices and always entire, spreading or 
even pendent, and in all probability uni-nerved. Bud-scales do not 
occur. : 

The branchlet leaves are amphistomatic. Both surfaces show 
simple (or sometimes for a short distance double) longitudinal 
rows of stomata which are mostly orientated lengthwise but ex- 
ceptionally crosswise. The rows of stomata are never grouped 
together into bands. In epidermal structure Ernestiodendron ac- 
cordingly differs clearly from Lebachia. The leaf margin is dentic- 
ulate also in Ernestiodendron. 
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The stomatal apparatus is of the haplocheilic type, and is mono- 
cyclic or incompletely amphicyclic. The perigene subsidiary cells 
usually carry one cuticular papilla each, and number from four to 
eight; two of them are as a rule polar, and all the rest lateral. 
Contiguous stomatal apparatuses with common subsidiary cells 
are rarely found. The guard-cells are sunk below the surface and 
only weakly cutinized. Cuticular papillae occur not only in the 
stomatic rows but also outside these in varying frequency and 
distribution. One-celled hairs are found on both surfaces but 
particularly on the under surface of the leaf. The epidermal cells 
have straight and smooth anticlinal walls. 

The cones are of two kinds, female and male. The cylindrical 
female cones are seated singly and terminally on strong long shoots 
corresponding to the penultimate shoot of vegetative or male 
lateral shoot-systems. They are built up of a main axis carrying 
non-lignified, spreading bracts in a loose spiral and, axillary to 
these, flattened and more or less fan-shaped fertile dwarf-shoots 
(seed-scale complexes of flowers). The dwarf-shoot shows a few 
strong erect fertile scales or megasporophylls in the distal region, 
each carrying terminally one atropous erect or inverted (?) ovule 
with a single integument, which forms a direct continuation of the 
megasporophyll. The seeds were undoubtedly platyspermic. 

The male cones or flowers are ellipsoid or cylindrical, mostly 
pendent and placed terminally on leafy branchlets. They consist 
of an axis with spirally arranged microsporophylls which are bi- 
facial and spreading in the basal part but erect in the distal region 
and overlapping. Each microsporophyll appears to carry micro- 
sporangia on its under surface in the basal region. The pollen 
grains are ellipsoid or almost spherical but slightly flattened at 
the poles. They are furnished with a continuous balloon air-sac 
interrupted only at the distal, slightly sulciferous pole, and with 
reticularly arranged mesexinous elements attached to the ectexine 
and protruding into the sac. 


Like Lebachia, Ernestiodendron occurred exclusively in the Nor- 
thern Hemisphere, where it was widely distributed in Early 
Permian times. Only one species of this genus is hitherto known 
with certainty, but a few species of the artificial genus ]Valchia 
also in all probability belong to Ernestiodendron, although their 
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position can not be definitely settled until better preserved material 

has been found and examined. Isolated female cones (Walchio- 

strobus) closely resembling those of Ernestiodendron are also 
known. The following list gives the names of all these forms and 

a rough outline of their vertical and horizontal distribution. (As 

before, Upper Carboniferous means “Stephanian” ; Lower Permian, 

“Rotliegendes” ). 

Ernestiodendron filiciforme (Schloth. pars) Florin: Upper Car- 
boniferous of Moravia, France (Alsace and Isére) and Portu- 
gal; Lower Permian of South Norway, the Saar, Rheinhessen, 
Rheinpfalz, Thuringia, Saxony, Harz, Lower Silesia, Bohemia, 
Austria, Moravia, France (Corréze, Hérault and Sadne-et- 
Loire), England (Warwickshire), Russia (Orenburg), China 
(Shansi) ?, Arizona and Texas. 

Walchia Arnhardtii Florin: Lower Permian of South Norway, the 
Saar (?), Thuringia and France (Heérault). 

W. germanica Florin: Lower Permian of Thuringia. 

W. rigidula Florin: Lower Permian of Bohemia. 

Walchiostrobus fasciculatus Florin: Lower Permian of Thuringia. 

W. spp.: Lower Permian of Thuringia. 


ARTIFICIAL GENERA CONTAINING MATERIAL OF 
Lebachia AND Ernestiodendron 


Gomphostrobus Marion 


Gomphostrobus has turned out to be simply a designation for 
bifacial leathery leaves occurring on Palaeozoic conifer shoots of 
various kinds. These leaves are linear-triangular or broadly tri- 
angular, two-forked isotomically at the apices, and no doubt uni- 
nerved in the basal and middle regions. The bundle bifurcates at 
the apex in order to supply the two lobes. These appear to have 
their narrow blades orientated at right angles to the main part of 
the leaf. 

The Gomphostrobus type of leaf occurs on the stems, on the 
vegetative shoots of penultimate order and as bracts in the female 
cones of Lebachia and Ernestiodendron. It is also found in the 
genera Palaeotaxites and Lecrosia mentioned below. Finally, such 
leaves have been produced exceptionally on branchlets of Palaeo- 
zoic conifers, probably after wounding. The Gomphostrobus type 
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is regarded as being either the juvenile form of leaf of Upper 
Carboniferous and Lower Permian conifers or—more probably — 
a transition form between their juvenile and adult leaves. 


T ylodendron C. E. Weiss emend. Florin 


This artificial genus is based on isolated portions of stem pith 
permeated by matrix and on casts of the medullary cavities of 
stems of walchias. They are relatively wide and have swellings at 
regular intervals corresponding to the regions where branches 
were given off in whorls. On the surface of such a fossil there 
are spirally arranged oblong-rhombic areas uniform in length or 
shortened at’ intervals. These areas are bounded by furrows pro- 
duced by the primary vascular bundles of the stem. In the basal 
region of each area there is a median furrow corresponding to a 
leaf-trace. The pith consists of large thin-walled parenchyma 
cells. In longitudinal section it shows irregularly occurring trans- 
versal gaps between diaphragms of persistent tissue. The same 
structure has been found in the above-mentioned H’alchiopremnon. 

Fossils of this kind are known from the Upper Carboniferous of 
the Saar, France (Correze) and eastern Canada (Prince Edward 
Island) as well as from the Lower Permian of the Saar, Rhein- 
pfalz, Wetterau, Saxony and Russia (Donetz). 

Endolepis Schleiden 

This “genus” comprises fossils similar to Tylodendron except 
that there are no swellings at intervals. On the surface they al- 
ways show areas of equal length. They are of Palaeozoic and 
Early Mesozoic age. Although the branching of the stem is not 
indicated, part of the Endolepis fossils may have belonged to 
walchias, Nor were there any swellings at intervals in Walchio- 
premnon which certainly represents stem-fragments of this general 
type of early conifers. 

Fossils referable to Endolepis are known from the Lower 
Permian of France (Corréze) and Russia (Perm, Orenburg, and 
Donetz ). 

Dadoxylon Endlicher 

This well-known general type of gymnosperm wood, found in 
Walchwopremnon and Tylodendron, was characteristic not only 
of the Palaeozoic Cordaites but no doubt also of the early conifers 
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generally. It is impossible to decide which of the dadoxylons do 
belong to walchias and which do not, but at least two of the Lower 
Permian forms, D. saxonicum Goepp. emend. Frentzen and D. 
Schrollianum Goepp. emen |. Frentzen, seem to represent conifers 
of this kind. 


Cordaicarpus H. B. Geinitz and Samaropsis Goeppert 


These artificial genera are based on isolated platyspermic seeds 
of Palaeozoic age preserved as compressions, and differ one from 
the other chiefly in the width of the marginal “wings” formed by 
the sarcotesta. 

Of Upper Carboniferous and Lower Permian conifers, we know 
the seeds of only two species, Lebachia piniformis and L. 
hypnoides. They correspond to the Cordaicarpus type. Isolated 
seeds have occasionally been recorded from strata containing identi- 
fiable remains of Lebachia and Ernestiodendron. In most instances 
they belong to Cordaicarpus, but sometimes Samaropsis seeds have 
also been found. Considering the slight difference between these 
types, some of the latter may be seeds of species of early conifers. 


Pollen-grains 


Isolated pollen grains of the general type characterizing Lebachia 
and Ernestiodendron have been found in both Upper Carboniferous 
and Permian strata. They have been shown to be very similar to 
those of the Cordaites, and the same kind occurs in a conifer of 
Upper Permian age, probably referable to the genus Ullmannia 
Goeppert. Under these circumstances it does not seem possible to 
identify with any degree of accuracy the genus or even the family 
and class of such isolated pollen grains. 


THE GENUS Palaeotaxites D. White 


The genus Palaeotaxrites comprises woody plants with copiously 
branched lateral shoot-systems made up of moderately strong axes 
of penultimate order with numerous branchlets apparently more 
or less spreading in all directions. The penultimate axis carries 
loosely arranged, bifacial, spirally disposed, triangular foliage 
leaves, bifurcated at their apices, while the branchlets are covered 
by entire leaves which are spirally arranged, overlapping, of linear- 
triangular shape, decurrent, curved inwards at their apices and in 
all probability uni-nerved. There are no bud-scales. 
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This genus resembles Lebachia but differs by the branchlets not 
being spread in one plane. 

The single hitherto known species, Palaeotarites pragcursor 
D. White, occurs in the Lower Permian of Arizona (Grand 
Canyon ). 

THE GENUS Lecrosia Florin 


Lecrosia comprises woody plants with irregularly (not pin- 
nately) branched shoot-systems, each built up of a main axis of 
antepenultimate (or penultimate) order, carrying bifurcated foliage 
leaves and long, sometimes branched, lateral shoots spread ap- 
proximately in one plane. When branched the lateral shoots carry 
a few short branchlets in the same plane. The branchlet leaves 
are arranged in rather close spirals, overlapping, more or less 
spreading in all directions. They are bifacial, decurrent, adaxially 
concave, almost linear or triangular-linear, entire, acute and in all 
probability uni-nerved. 

Two species have been described, Lecrosia Grand’ Euryi Florin 
and L. Gouldii Arnold. The former is of Upper Carboniferous 
(Stephanian) age and was discovered in France (Loire), while 
the latter belongs to the Lower Permian of Colorado. 


THE GENUS Carpentieria Nemejc et Augusta 


This genus is based on woody plants with lateral shoot-systems 
of regularly pinnate branching made up of a relatively weak 
penultimate axis and numerous branchlets in two rows spread in 
the horizontal plane. The leaves of the penultimate shoots are 
sparsely arranged, bifacial, spreading, decurrent, linear-cuneate in 
their basal halves and bifurcated at the apices. The branchlets 
have more closely arranged, spirally disposed, more or less spread- 
ing and overlapping bifacial leaves. These, too, are linear-cuneate 
in their basal halves and bifurcated at their apices. Each is ap- 
parently traversed by a median bundle bifurcating in the apical 
region. 

The leaves of Carpentieria are thus exclusively two-forked, while 
Lebachia has bifurcated leaves on its stems and branches but entire 
leaves on its branchlets. In addition, the bifurcated leaves of the 
two differ somewhat in shape. 

Two species of Carpentieria are known, C. marocana Nemejc et 
Augusta and C. frondosa (Goepp.) Florin, both of Lower Permian 
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age. The former occurs in Moravia, the latter in Bohemia and 
Morocco. 
THE GENUs Buriadia Seward et Sahni 


The genus Buriadia is based on woody plant-remains consisting 
of lateral, sparsely and irregularly branched shoot-systems with 
strong penultimate axes and scattered, non-parallel, more or less 
spreading branchlets, not distinctly arranged in one plane. The 
penultimate axes have scattered, spirally disposed, bifacial foliage 
leaves pointing in all directions. These are straight or, on the 
adaxial side, more or less convex, decurrent, linear-cuneate or 
cuneate, as a rule repeatedly forked at the apices and traversed by 
dichotomizing bundles. The branchlets, too, have spirally ar- 
ranged, bifacial, decurrent leaves, spreading more or less in all 
directions, but these are linear or linear-cuneate and bifurcated at 
the apices; each is traversed by a bundle which is dichotomized 
only once. 

The leaf-epidermis is characterized by monocyclic or incom- 
pletely amphicyclic stomata of the haplocheilic type with a moderate 
number of subsidiary cells. The epidermal cells are often papil- 
late, and their anticlinal walls straight and smooth. 

Only one species, Buriadia heterophylla Seward et Sahni, is 
known so far, and this occurs in the Lower Gondwana formation 
of India (Karharbari beds) and the Upper Carboniferous 
(Tubarao-Series) of Brazil [Rio Grande do Sul, Santa Catharina 
(?), and Parana (?)]. 

THE GENUS Paranocladus Florin 

This is a genus of woody plants with irregularly branched (not 
pinnate) lateral shoot-systems consisting of scattered branchlets on 
axes of penultimate order. The branchlets are covered by homo- 
morphic spirally arranged leaves, either somewhat spreading or 
adpressed, which are entire, bifacial, broadly decurrent, triangular- 
linear and probably uni-nerved. 

The branchlet leaves are amphistomatic. On the under side 
there are two slightly papillate groups of scattered irregularly ar- 
ranged but mostly longitudinally orientated stomata. On the ad- 
axial side, on the other hand, there are two long stomatic bands 
containing scattered and irregularly distributed but mostly 
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longitudinally orientated more strongly papillate stomatal ap- 
paratuses. The leaf-margin has small scattered teeth in the basal 
region of the leaf. 

The stomatal apparatus is of the haplocheilic type, monocyclic 
or incompletely amphicyclic. It has five to seven perigene sub- 
sidiary cells—two or which are polar—each furnished with a cuti- 
cular papilla on the upper sides of the leaves. The guard-cells are 
sunk below the surface and weakly cutinized. Outside the stomatal 
apparatuses, cuticular papillae occur only on the upper surfaces of 
the leaves. There are no hairs at all. The anticlinal walls of the 
epidermal cells are straight and smooth. 

Two species have been described. Paranocladus Dusenii Florin 
has been found in the Permo-Carboniferous of Brazil, State of 
Parana (Passa Dois Series). Paranocladus (7?) fallax Florin 
occurs in the Upper Carboniferous of the same State and probably 
also in the Permo-Carboniferous of Argentina (San Luis and La 


Rioja). 


THE VEGETATIVE ORGANS OF THE UPPER CARBONIFEROUS AND 
LOWER PERMIAN CONIFERS 


In one case the top of a stem of Lebachia piniformis has been 
found, preserved as an impression. It has a whorl of five lateral, 
axillary, extremely spreading shoot-systems below a thick bud- 
like body. This body consists of the primordia of the next whorl 
of branches, protected by an envelope of two-forked leaves of the 
Gomphostrobus type. Since the leaves on the stem are spirally 
arranged, however, the branches are not placed at exactly the 
same level; they form a false whorl. The same conditions have 
been demonstrated in other species of Lebachia. Older stems 
often show at intervals swellings which apparently correspond to 
the zones from which the whorls of branches arose. All these are 
monopodially branched woody plants characterized by a regular 
arrangement of the branch whorls. The number of branches in 
each whorl is five or six, which corresponds to the living 
Araucaria excelsa R. Br., the Norfolk Island pine. In Lebachia 
piniformis a few short and weak unbranched lateral shoots some- 
times occur between consecutive branch whorls, indicating that the 
stem has had more axillary buds than suggested by the whorled 
branching itself. These weak lateral shoots outside the whorls are 








CARBONIFEROUS AND PERMIAN CONIFERS 271 


irregularly arranged and seem to have been shed early, The 
whorled branching of the stem is also characteristic of Ernestio- 
dendron, but in this genus no traces of weaker shoots outside the 
pentamerous whorls have been observed. 

The monopodial construction of the stem and its whorled 
branching indicate that these conifers were trees. Their stems 
were apparently rather slender and of moderate height, although 
there may have been differences in this respect in the several 
species, judging by the dimensions of their lateral branches. 

Hardly anything is known of the growth forms and types of 
branching of the remaining Palaeozoic genera of conifers. 
Buriadia, Lecrosia and Paranocladus, however, would seem to have 
been less strongly specialized in this respect than Lebachia and 
Ernestiodendron. 

Two main types of lateral shoot-systems can be distinguished 
among the conifers of the Upper Carboniferous and Lower 
Permian, viz., the Walchia and Buriadia types. The Walchia type 
corresponds to the very marked form of lateral shoot-system 
characteristic of Araucaria excelsa. It consists of a shoot of the 
first or penultimate order carrying relatively small radially dis- 
tributed leaves but always two rows of branchlets spread in one 
plane. In Lebachia and Ernestiodendron the lateral shoots of the 
second order usually remained unbranched. The number of 
branchlets varied from 20 to 60, whereas the maximum number in 
Araucaria excelsa is 120. 

In a few cases lateral shoots of the second order have in their 
turn produced branchlets arranged in the same manner, thus mak- 
ing the shoot-system more complex. Very occasionally these 
shoots, too, have behaved similarly but have then given off branch- 
lets only on the side facing the apex of the whole system. 

Besides the whorled branching of the stem, the regular con- 
struction of the lateral shoot-systems indicates that Lebachia and 
Ernestiodendron closely resembled Araucaria excelsa in habit. In 
this living conifer the lateral shoot-systems gradually become more 
complex with age, the shoots of the second order producing lateral 
branchlets arranged in two rows. The said fossil conifers seem to 
have been similar in this respect. 

In contrast to the Walchia type, the mode of branching of the 
Buriadia type is less strongly specialized. The branchlets are not 
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arranged in two rows but more irregularly and sparsely, although 
the leaves are disposed all round the axes. This refers to the 
genera Buriadia, Paranocladus and Lecrosia. 

The Buriadia type appears to be relatively primitive, and the 
Walchia type consequently specialized. The profuse development 
of the latter in the Northern Hemisphere in Late Palaeozoic times 
is very remarkable. In the South it did not occur at all at that 
time. But in the middle of the Permian period other types of 
branching suddenly replaced the Walchia type which was then 
confined to the Mesozoic and Caenozoic Araucaria, a genus now 
represented exclusively in the Southern Hemisphere. 

Apart from cotyledons and true juvenile leaves which, of course, 
are never preserved, two more or less specialized categories of 
foliage leaves can be distinguished in the Upper Carboniferous and 
Lower Permian conifers: a) leaves on the main axis and on lateral 
axes of the first order (i.e., the penultimate or antepenultimate 
order), which are frequently bifurcate; and b) entire leaves on 
lateral axes of the ultimate or sometimes penultimate order. 

The leaves of the first category are longer, broader and some- 
what more flattened than those of the second. They are uni- 
nerved and needle-like, spirally disposed and pointing in all 
directions, almost straight or more or less curved. They are 
broadly decurrent in Lebachia, but non-decurrent in LErnestio- 
dendron. They are further triangular or almost linear, either 
entire and acute at the apices or frequently two-forked, in which 
case the bundles are also divided by dichotomy into two branches 
in the apical part. Finally the leaves of Lebachia are turned out- 
wards only slightly, while those of Ernestiodendron are extremely 
spread out. In Lebachia the leaves persisted for a long time as 
they do in the living araucarias. In Ernestiodendron the leaves left 
distinct scars on the axis and fell off more easily than in Lebachia. 
The two-forked leaves are of a type quite unknown in living coni- 
fers. The blades of the lobes were apparently perpendicular to 
the main part of the leaf, and the forking accordingly in the nature 
of cruciate dichotomy. 

Lebachia and Ernestiodendron differ distinctly from the arauca- 
rias in the number of leaf-traces entering each leaf and in the 
venation of the leaves. Both lack true bud-scales, however, and 
the shoot-tips are protected by ordinary or only slightly arrested 
leaves. 
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The foliage leaves of the second category in Lebachia and 
Ernestiodendron, which are attached to the lateral axes of ultimate 
order, are needle-like to scale-like, spitally arranged, imbricate and 
pointing in all directions. They are more or less curved, less 
spreading in Lebachia than in Ernestiodendron, and decurrent in 
the former genus in contradistinction to the latter. Finally they 
are triangular to almost linear, always entire at the apices and no 
doubt uni-nerved. These branchlet leaves differ from the leaves 
on the stem and lateral branches of the first order in that they are 
always entire and smaller. 

Several of the earliest conifers were thus characterized by het- 
erophylly. The two-forked leaves may be assumed to represent 
an intermediate stage between the juvenile and the adult leaf- 
forms. 

The peculiar leaf-forms of Carpentieria and Buriadia are of 
great interest in this connection. The taxonomic position of these 
genera certainly can not be conclusively established in the absence 
of reproductive organs, but the appearance of the lateral shoot- 
systems points to their being related to the walchias and other 
Palaeozoic conifers. In some of the living conifers, e.g., the com- 
mon juniper (/uniper communis), the juvenile or an only slightly 
changed leaf-form is retained in the adult stage as a feature charac- 
teristic ot the species; and in other Cupressaceae the juvenile and 
transitional forms may be fixed and propagated by certain methods. 
It appears plausible to regard the invariably dichotomized leaves 
of Carpentieria from this point of view. At all events, Carpentieria 
gives the impression that in Palaeozoic conifers the dichotomized 
leaf has preceded the entire leaf and is more primitive. The entire 
leaf appears in other words to have arisen by reduction. 

The leaves of Buriadia differ still more from those of Lebachia 
and Ernestiodendron. The blades and bundles dichotomize once 
or several times, although the branchlets appear always to carry 
only two-forked leaves. We have here essentially the same 
phenomenon as in the lebachias; the last developed leaves are 
arrested in their development and have more simple form and 
venation. The conifers of the Upper Permian and later periods 
have no such dichotomizing leaves. 

All hitherto known Palaeozoic conifers differ sharply from the 
Cordaites in leaf-morphology. This applies not only to the size, 
form, venation and arrangement of the leaves but also to the vascu- 
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lar supply. Among living conifers, however, the general appear- 
ance of the broad pluri-nerved leaves of the genus Agethis and of 
the section Nageia of Podocarpus is rather like that of the Cor- 
daites. 

The anatomy of the vegetative organs of the Upper Carbonif- 
erous and Lower Permian conifers is still very imperfectly known. 
As in the higher gymnosperms generally, the stem contains a true 
eustele with endarch protoxylem. But—in contradistinction to the 
Cordaites—the primary wood is poorly developed. ‘The secondary 
wood sometimes has feebly marked growth rings resembling those 
of the living araucarias. 

As in Cordaites and the araucarias, the secondary wood is 
characterized by being composed of tracheids of the araucarioid 
type. Wood parenchyma does not occur at all or only sporadically, 
nor are there any resin canals. As in the living araucarias but in 
contrast to Cordaites, the tracheids of the walchias have only one 
to three rows of closely arranged alternating bordered pits in their 
radial walls. The wood-rays are usually uniseriate, as in the 
living araucarias. The pith is relatively thick and becomes irregu- 
larly ruptured in elongation of the stem, but not in the same way 
as in the Cordaites. 

The internal structure of the Lebachia and Ernestiodendron 
leaves is quite unknown, but it has been possible to study their 
epiderinal structure, owing to the extraordinary resistance of the 
cutinized layers. As regards external morphology and epidermal 
structure, four types of foliage leaves may be distinguished, of 
which the Lebachia and Ernestiodendron types are the best known. 

In both these types the leaves are amphistomatic and their mar- 
gins often denticulate. But they differ in the arrangement of the 
stomata. In the Lebachia type there are on the under side of the 
leaf two separate papillate stomatic groups or bands containing 
more or less irregularly distributed but mostly longitudinally 
orientated stomatal apparatuses. On the upper side there are two 
stomatic bands of the same kind, but these run from the base al- 
most to the apex of the leaf. The stomatal apparatus is of the 
haplocheilic type and is monocyclic or amphicyclic. There are 
from four to ten subsidiary cells, each usually provided with a 


cuticular papilla. Subsidiary cells are often common to contiguous 
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stomatal apparatuses. On the upper side of the leaf there are 
cuticular papillae also in the non-stomatiferous areas. In addition, 
the leaves have uni-cellular hairs on both sides, more particularly 
on the under. 

The Ernestiodendron type, on the other hand, is characterized 
by more or less widely separated isolated rows of stomatal ap- 
paratuses, mostly orientated lengthwise, on both sides of the leaf, 
and has accordingly no stomatic bands. Here, too, the stomatal 
apparatus is haplocheilic as well as monocyclic or incompletely 
amphicyclic, and has four to eight mostly papillate subsidiary cells. 
But in Ernestiodendron these cells are rarely common to con- 
tiguous apparatuses. Cuticular papillae also occur outside the 
stomatic rows, and there are unicellular hairs on both sides of the 
leaves. 

Ernestiodendron differs from all other known conifers of Upper 
Carboniferous or Lower Permian age by the arrangement of the 
stomata in isolated rows. This genus is as markedly different 
from Lebachia as for instance the Eutacta section of Araucaria 
is from the genus Cryptomeria among living conifers. On the 
other hand, its epidermal structure resembles that of the Cordaites 
as well as of certain Upper Permian conifers. 

If finally we compare the leaf-epidermis of the earliest conifers 
with that of living forms it will be seen that none of the living 
species groups presents the same combinations of the characteris- 
tics as are found in the fossils, although the principal features are 
similar. In contrast to certain living conifers, the Palaeozoic forms 
seem completely to lack calcium oxalate in their cuticular layers, 
and Lebachia and Ernestiodendron differ from both the contem- 
poraneous Cordaites and the geologically younger conifers by the 
hairiness—particularly on the under sides—of their leaves. It is 
true that hair-like epidermal cells may in a few cases be found in 
living conifers, but they are confined to the leaf-margins or may 
sometimes occur also on galls or leaves protecting buds. Hair- 
like structures also develop in the specialized stomatal bands of the 
living torreyas, but they differ essentially in type and distribution 
from the simple uni-celled hairs of Lebachia and Ernestiodendron. 
The hairiness of their foliage leaves is thus giving these ancient 
genera a unique position among the conifers. 
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REPRODUCTIVE ORGANS OF THE UPPER CARBONIFEROUS 
AND LOWER PERMIAN CONIFERS 


The oldest conifers were probably monoecious, but the male and 
female cones were borne on separate shoot-systems. In one single 
case cones of both sexes have been found on the same shoot-system 
of Lebachia piniformis. This points to the lebachias as being 
monoecious. Monoecism with unisexual cones has also been found 
in the Cordaites. This type of sexual differentiation therefore 
appears to have been primary in that division of the gymnosperm 
complex which comprises the closely related conifers and Cordaites. 

The female cones of the oldest conifers are placed terminally 
on lateral axes of the ultimate or penultimate order. In Lebachia 
piniformis they are always found at the end of leafy branchlets 
which as a rule belong to the basal region of the shoot-system, 
while typical vegetative branchlets are developed above them. The 
fertile and sterile regions are frequently separated, but a vegetative 
branchlet may occasionally be seated between two female cones, 
or a few such branchlets beneath the female cones. On the other 
hand, the vegetative lateral branchlets of certain lebachias are re- 
placed by cone-bearing shoots all along the main axis of the lateral 
system. The basal branchlets, terminated by female cones, are 
often shorter and stronger than the vegetative and male branchlets. 
The female cones are more or less upright, but the male flowers are 
pendulous. The shoot-systems carrying exclusively female cones 
in the lebachias were apparently rather like the corresponding 
systems in the living Araucaria species of the section Eutacta, for 
instance, Araucaria columnaris, although their shoots and cones 
were of different dimensions. 

Most of the lebachias seem to have borne their female cones 
terminally on axes of the last order. But at least Lebachia 
hypnoides and one other species bore them terminally on lateral 
axes of the penultimate order. Contrary to the branchlets, the 
branches of the penultimate order are covered with two-forked 
leaves. Strong fertile branches have sometimes several vegetative 
branchlets below the cone, but others have no such branchlets and 
appear to carry the female cone at the end of a long leafy stalk. 
From this we may conclude that Lebachia hypnoides—having on 
the one hand profusely branched vegetative and male shoot-systems 
and but slightly branched female systems on the other—was some- 
what more differentiated than Lebachia pintformis. 
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While the lebachias were thus differentiated into two types in 
respect to the position of the female cone, viz., one primitive, in 
which the cones were placed singly and terminally on leafy branch- 
lets, and one more advanced, in which they were seated singly and 
terminally on penultimate shoots with few or no branches, the 
latter type alone is represented in Ernestiodendron, the other 
dominating conifer genus of the Late Carboniferous and the Early 
Permian. 

In contradistinction to the female cones, the male flowers of 
Lebachia and Ernestiodendron are always placed terminally on 
leafy branchlets. They are either confined to the basal region of 
the system, as in Lebachia piniformis, or occur along the whole 
penultimate axis, as in Lebachia hypnoides and Ernestiodendron 
filiciforme. In Lebachia piniformis the female cones and male 
flowers are thus similarly placed on the lateral shoot-systems, while 
in the other conifers mentioned above their position is different. 
The male flowers are usually more or less pendulous, while the 
female cones are upright. 

Lebachia and Ernestiodendron differ sharply from the Cordaites 
in the arrangement of the male flowers but correspond to certain 
geologically younger genera as well as to some living conifers. 
The male conifer flowers of Palaeozoic times are never placed 
directly in the axils of leaves or bracts on penultimate axes, as they 
generally are in living representatives of the class, nor are they 
grouped into any kind of inflorescences. 

As far as we know at present, two main types of female cones 
can be distinguished in the earliest conifers: the Lebachia type and 
the Ernestiodendron type. The Lebachia type is characteristic of 
Lebachia and several of the walchias that probably belong to the 
same genus. The Ernestiodendron type occurs in Ernestiodendron 
and in a few walchias which are very likely related to this genus. 
The female cone of Lebachia is ellipsoid or cylindrical and com- 
pact. Its main axis carries numerous spirally arranged non- 
lignified two-forked bracts, the bundles of which dichotomize and 
send one branch into each of the two lobes. In the axil of each 
bract there is a radially symmetrical dwarf-shoot, i.e., a seed-scale 
complex or flower made up of a short lateral axis with a varying 
number of spirally disposed and broadly decurrent upturned scales. 
As a rule all but one of these scales are entire and sterile. The 
fertile scale faces the main axis of the cone and terminates in a 
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single erect ovule. This fertile scale—the seed-scale or mega- 
sporophyll—is in the same position on the floral axis as the sterile 
scales, as all scales are arranged together in one single spiral. A 
few sterile scales are seated between the megasporophyl! and the 
base of the dwarf-shoot. The sterile scales diminish in length and 
breadth towards the base and the apex of the dwarf-shoot. 

The ovule, which is apparently slightly flattened like the mega- 
sporophyll, has a single integument which is a direct continuation 
of the sporophyll, and a relatively deep micropyle. In contra- 
distinction to the sterile scales, the fertile scale is thus forked in 
the apical region. 

Although the female dwarf-shoot of Lebachia is essentially sym- 
metrical radially, the position of the sporophyll in this type, with 
its ovule on the side facing the cone axis, is an early though slight 
indication of dorsiventrality. 

Lebachia Goeppertiana appears to have more numerous sterile 
scales on the flower axis than L. piniformis, but the base of its 
megasporophyll is not covered by such scales. The flower of L. 
hypnoides resembles that of L. Goeppertiana, but is more flattened 
and has fewer sterile scales. Lebachia hypnoides is more advanced, 
as far as the flattening of the flower is concerned, than any other 
known species of this genus, but the scales are apparently still 
spirally arranged on the axis and the course of the bundles has 
probably not been much influenced. 

Occasionally the Lebachia cones proliferated, just as the cones 
of, for instance, living larches as well as of Cryptomeria and Cun- 
ninghamia do, thus changing from the reproductive to the vegeta- 
tive phase. 

In Ernestiodendron the female cones are cylindrical but less 
compact than the Lebachia cones. Their main axes carry numer- 
ous spirally arranged, non-lignified, and more or less spreading 
bracts, probably always two-forked at the apex. The Ernestioden- 
dron bracts agree in appearance and venation with those of 
Lebachia. 

A fertile more or less flattened and in general appearance some- 
what fanshaped dwarf-shoot was developed from the axil of each 
bract. This seed-scale complex or flower may be shorter, as long 
as, or longer than the bract. Each flower here has three to five 
sporophylls but apparently no sterile scales at all. The Ernestio- 
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dendron flowers accordingly differ considerably in appearance 
from those of Lebachia, but their morphological connection is 
evident from the organization of two flowers of the Ernestioden- 
dron type, which—though found isolated—in all probability belong 
to this genus. Notwithstanding the rather strong flattening of 
the flower, its axis still carries 20 to 30 scales, of which four to 
six are megasporophylls with terminal ovules, and all the rest 
sterile. There can hardly be any doubt that these scales occupy the 
same positions as in Lebachia, i.e., the sterile and fertile scales are 
arranged in one simple spiral. The ovules are erect in one of the 
flowers but appear to be inverted in the other. In Walchia 
germanica, which is likewise probably referable to Ernestiodendron, 
the sterile scales have disappeared almost completely, only one 
such scale being sometimes found at the base, while in the apical 
region there are three to seven megasporophylls with inverted 
ovules. In the Ernestiodendron type, too, the integument is the 
direct continuation of the sporophyll, and proliferated cones occur 
as in Lebachia. 

The study of the fernale cones of the earliest conifers has thus 
disclosed morphological conditions of extraordinary interest. First 
it may be inferred that the compound strobilus is the primary form 
of female reproductive organ in the conifers, i.e., bracts and seed- 
scale complexes had very early united into a more or less compact 
cone. If the flower is defined as a sporophyll-carrying shoot of 
limited growth, the axillary dwarf-shoot or seed-scale complexes of 
the earliest conifers and the Cordaites may be called flowers, and 
associations of such flowers inflorescences. The seed-scales might 
be designated megasporophylls, but only if we discard the old and 
now untenable conception that the sporophylls were derived from 
foliage leaves. 

The material now examined varies a good deal in respect to the 
formation of the seed-scale complexes. To sum up, one may say 
that the Lebachia type is characterized by radially or almost 
radially symmetrical, fertile dwarf-shoots, either unflattened or 
slightly flattened, which, while carrying several to numerous sterile 
scales, usually have only a single seed-scale in the basal or middle 
region of the axis. The sporophylls have the same position on the 
axis as the sterile scales, i.e., all scales are arranged consecutively 
along a simple ascending spiral. The ovules are placed singly and 
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terminally on the sporophylls, and are always erect. In contra- 
distinction to this type, Ernestiodendron has more or less flattened 
dwarf-shoots, bearing only a few sterile scales—-or even none at 
all—at the base and three to seven megasporophylls in the middle 
or apical region of the axis. Here, too, the ovules are placed 
singly and terminally on the sporophylls, but they are either erect, 
as in Lebachia, or inverted. In the Lebachia type the dwarf-shoots 
still show the presence of an axis rather distinctly, but in Er- 
nestiodendron the axis is more strongly reduced and more con- 
cealed. Lebachia represents the more primitive type of the two, 
barring the reduction of the number of seed-scales. Frnestio- 
dendron is the more advanced type in several respects, viz., with 
regard to the symmetry of the dwarf-shoots, reduction of the 
flower axis and the number of sterile scales on this, and the re- 
curvation of the sporophyll tips resulting in the inversion of the 
ovules. In further contrast to the Lebachia type, the Ernestio- 
dendron type varies rather widely in the formation of the seed- 
scale complexes. But these complexes are evidently homologous 
everywhere, and this also applies to the seed-scales. The uniform 
appearance of the bracts, probably always two-forked at their 
apices, contrasts with the variability of the seed-scale complexes 
arising from their axils. 

The investigation into the morphology of the seed-scale com- 
plexes of Palaeozoic Cordaites and conifers has given the clue to 
the interpretation of the female cones of Mesozoic and Caenozoic 
conifers. Disregarding such changes as the shortening of the cone- 
axis internodes and the reduction in number of its lateral organs, 
the great morphological diversity in the female sex of later conifers 
is chiefly due to the transformation and reduction in various 
directions of a primitive fertile dwarf-shoot and its bract. 

The ovules of the earliest conifers are bilaterally symmetrical. 
They are always atropous but sometimes inverted. They have a 
single integument which forms a direct continuation of the mega- 
sporophyll. As in the Cordaites, that integument appears to be 
formed out of two transversely placed primordia, united by the 
growth of the underlying tissues—and the same applies to several, 
if not all, living true conifers. 

Unfortunately we know very little about the internal structure 
of the ovule. The nucellus, however, is entirely enveloped in the 
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integument, apparently free from it except in the chalazal region. 
The tip of the nucellus consists of large inflated cells and probably 
served to facilitate penetration by the pollen-tubes. The gameto- 
phyte seems to have produced two archegonia at its micropylar 
end. 

Turning now to the male flowers of the earliest conifers, these 
are radially symmetrical, cylindrical or ellipsoid. They consist of 
an axis and numerous entire, bifacial and dorsiventral microsporo- 
phylls, arranged in a close spiral and imbricate. These sporophylls 
have a basal, narrow, occasionally stalk-like, spreading portion, and 
a distal leaf-like, up-turned portion. They are hyposporangiate 
and bisporangiate, i.e., the two microsporangia are seated on the 
under side of the basal part of the sporophyll. There are no sterile 
scales at all above the basal region of the flower. The male and 
female reproductive organs thus differ considerably, which is par- 
ticularly conspicuous in the lebachias where the two kinds mostly 
correspond to each other in position on the shoot-systems. In the 
one case we have simple flowers, in the other inflorescences. The 
microsporophyll is hypopeltate, i.e., furnished on its under side 
with an outgrowth protecting the sporangia. 

The male reproductive organs of the earliest conifers and the 
partly contemporaneous Cordaites differ greatly. In both groups 
the male flowers certainly have an axis with radially and spirally 
arranged lateral scales, but in the conifers that axis carries ex- 
clusively hypopeltate, hyposporangiate and bisporangiate micro- 
sporophylls, whereas in the Cordaites the microsporophylls are 
intermixed with sterile scales on the axis and of a simpler shape, 
except in the apical region where they form into clusters of four 
to six terminal microsporangia. The male flowers of the Cordaites 
are moreover assembled into inflorescences, while those of the 
Upper Carboniferous and Lower Permian conifers are always 
seated singly and terminally on lateral branchlets. The micro- 
sporophylls of the Cordaites differ sharply from their foliage leaves. 
In the partly contemporaneous conifers the vegetative leaves are 
gradually replaced by microsporophylls of much the same size and 
general shape. The same applies to several Upper Permian and 
geologically still younger conifers which likewise have hypopeltate 
and hyposporangiate microsporophylls, even though the sporangia 
vary a good deal in number. The male flowers of the lebachias 
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resemble those of the living Pinaceae, Podocarpaceae and some 
Taxodiaceae, although they do not correspond completely to any 
of these types. In the number of sporangia the lebachias agree 
with the living Pinaceae, but they also resemble the Araucariaceae 
in having free sporangia. 

Lebachia and Ernestiodendron have pollen grains of the same 
general type as the Cordaites. These are characterized by a con- 
tinuous balloon air-sac interrupted only at the distal pole, by 
reticularly arranged mesexinous elements attached to the ectexine 
and protruding into the sac, and by a shallow germinal furrow at 
the distal pole. The earliest conifers were evidently—like the 
Cordaites—wind-pollinated. 

The pollen grains of the Upper Permian conifers are of the same 
or a similar kind. From the Early Mesozoic onwards, including 
the present time, conifer pollen grains are known with as well as 
without air-sacs. The study of the oldest conifers of the Northern 
Hemisphere has thus shown that pollen grains with a single balloon 
air-sac and a distal germinal furrow are primitive in this class of 
gymnosperms. The reduction of the all-over balloon sac into two 
bladders by the suppression of its proximal part, i.e., the change of 
the Lebachia grain to the modern type, appears to have been in 
some way associated with the inversion of the ovules, which took 
place in late Palaeozoic times. The Permian two-winged grains 
in their turn lead directly to those of certain living Pinaceae and 
Podocarpaceae. 
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